Smell is an ancient sensory system present in organisms from bacteria to humans. In the nematode Caeonorhabditis elegans, gustatory and olfactory neurons regulate aging and longevity. Using the fruit fly, Drosophila melanogaster, we showed that exposure to nutrientderived odorants can modulate life span and partially reverse the longevity-extending effects of dietary restriction. Furthermore, mutation of odorant receptor Or83b resulted in severe olfactory defects, altered adult metabolism, enhanced stress resistance, and extended life span. Our findings indicate that olfaction affects adult physiology and aging in Drosophila, possibly through the perceived availability of nutritional resources, and that olfactory regulation of life span is evolutionarily conserved.
A s in many species, reduced nutrient availability (dietary restriction) increases life span in the fruit fly, Drosophila melanogaster, and leads to alterations in age-dependent patterns of gene expression, physiology, and behavior (1) (2) (3) (4) . Acute nutrient manipulation causes sudden and rapid changes in age-specific mortality (5, 6) . Whole-genome expression data, containing age-dependent patterns of gene expression in diet-restricted long-lived flies and fully fed control flies (1), revealed that expression of genes encoding odorant-binding proteins was strongly affected by both age and nutrient availability ( fig. S1 ).
To determine whether detection of foodrelated odors is sufficient to affect fly life span, we measured the life spans of flies in the presence and absence of odorants from live yeast. Yeast odorants were used because demographic and gene-expression data suggested that yeast availability is a major component of the longevity response to diet in Drosophila (7-9). Exposure to yeast odorants reduced life span in long-lived flies from two laboratory fly strains (Canton-S and yw) that had been subjected to dietary restriction (Fig. 1, A and C) . Life span was further reduced when flies were allowed to consume yeast paste. The magnitude of the odorant effect was variable and usually small, relative to that caused by the consumption of yeast paste; odorant-mediated life-span reductions ranged from 6 to 18% in Canton-S flies and from 7 to 8% in yw flies (Fig. 1C) . Such variability is reminiscent of the dietary-restriction response in flies, which depends on genetic background (8) . Odorants are therefore sufficient to modulate life span, and currently unidentified odors may alter longevity with greater potency.
We tested whether diet-restricted flies might exhibit altered feeding behavior or altered in- Fig. 4 . S. aureus PVL-positive strains show an altered transcriptional profile. (A) Fold increase or decrease levels of transcript from selected genes. Total RNA extracted from cultures grown to stationary phase. Genes were considered to be induced or repressed in the PVL phage if they were transcribed at least twice or half as much as those of DPVL phage. The shown transcripts encode agrA-C, accessory gene regulator system; sarS, staphylococcal accessory regulator S; spa, staphylococcal protein A; sdrD, serineaspartate repeat protein D; sdrC, serine-aspartate repeat protein C; clfB, clumping factor B; hla, alpha toxin; ssp, a representative of serine proteases sspB and sspC; spl, a representative of splA-F proteases. (B) A schematic overview of the interactions between regulators involved in cell wall-anchored and secreted protein genes (full and broken lines indicate positive and negative regulation, respectively) based on previously published data. Numbers next to the gene name indicate fold change based on microarray analysis (upward arrow indicates up-regulation, downward arrow indicates downregulation). The down-regulation of RNAIII (the effector of the agr system) results in the down-regulation of secreted protein genes (hla, hlgC, hlgB, and proteases) and the up-regulation of sarS and cell wallanchored proteins (spa, sdrD, sdrC, clfB). In addition, the up-regulation of sarS results in the upregulation of spa.
vestment in reproduction when exposed to nutrient-related odors, thereby accounting for the longevity effect. Increases in the intensity of either of these behaviors would reduce life span by compensating for our diet-restriction procedure or by augmenting the costs of reproduction, respectively. In our experiments, neither food consumption (as measured by the rate of dye ingestion, proboscis extension, and fecal output) nor fecundity was affected by yeast odorants (Fig. 1D and figs. S2 and S3 ). Behavioral alterations leading to increased nutrient intake or reproductive effort are therefore not responsible for reduced longevity upon exposure to yeast odorants.
The effects of yeast odorants on fly life span depend on nutrient availability. Longevity was not affected by yeast odorants when flies were fully fed (Fig. 1, B and C) . Thus, the odor effect is a regulated biological response, and yeast odorants are not a generalized toxin that shortens life span. Our data support the hypotheses that diet-and odorant-mediated regulation of aging act at least partly through the same molecular pathway and that nutrient-related odors can rescue, albeit incompletely, the extension of longevity through dietary restriction. Consequently, the beneficial effects of dietary restriction may be due in part to the decreased perception of nutrient availability.
We next asked whether the loss of olfactory function is sufficient to increase life span. In vertebrates and insects, each olfactory neuron ex- shown. Multivariate profile analysis reveals no significant treatment effects (P > 0.05). The decline in dye uptake at later time points is a consistent finding that may reflect diurnal patterns of feeding and the dynamics of dye uptake and excretion. For survival data, block effects were adjusted for by analysis of variance (based on yeast paste treatments) to allow for comparisons across multiple experiments. P values were determined by means of a log-rank test. presses a small number of odorant receptors that impart response characteristics of the neuron to specific odors (10) (11) (12) (13) . Of the 62 putative odorant receptors in Drosophila, Or83b is atypical in that it is broadly expressed throughout olfactory tissues (14, 15) . Or83b interacts with conventional odorant receptors and is required for their localization to the neuronal dendrite (14) (15) (16) . Loss-of-function mutations in Or83b limit spontaneous activity in many odorantreceptor neurons and severely reduce physiological and behavioral responses to a wide range of odorants (14, 16) , including nutrient-related odors ( fig. S4 ).
We (fig. S6 ). Or83b 2 homozygous flies lack detectable levels of Or83b mRNA and protein, which suggests that it is a null allele (14) . Fully fed female Or83b 2 mutant flies exhibited a 56% increase in median life span when compared to appropriate wildtype animals ( Fig. 2A) . Males were also significantly long-lived, but the magnitude of the extension was generally smaller (Fig. 2B) . Heterozygous flies exhibited intermediate longevity in both sexes, and heterozygous adult females showed a similar deficiency in attraction to live yeast paste ( fig. S4, B and C) . We found no evidence of such impairment in heterozygous mutant males ( fig. S4D ). It may be that odor-evoked behaviors are less affected or that different classes of odorants are critical for male longevity. Longevity was also extended when olfactory signaling was suppressed in Or83b-expressing neurons through the disruption of guanine nucleotide-binding protein (G protein) signaling ( fig. S5 ). Because the Or83b mutant also disrupts G protein activity, it is possible that G protein function in olfactory neurons, rather than perception per se, influences life span.
To verify that the extended life span of Or83b 2 flies was not due to heterosis or to comparison against a relatively weak control stock, we backcrossed the Or83b 2 allele into two additional laboratory stocks (Canton-S and yw). In all cases, the longevity of mutant flies was considerably greater than that of their wild-type controls (Tables 1 and 2 ). The degree of life-span extension was independent of the longevity of the corresponding wild-type stock, establishing that loss of Or83b function extends life span in healthy animals (17) .
Expression of a rescuing Or83b transgene (15) under the control of an Or83b-Gal driver (14) restored normal life span to the Or83b 2 mutant flies (Fig. 2C) . The effectiveness of this construct was verified by genomic polymerase chain reaction and visually ( fig. S6) , and it rescues most (but not all) olfactory phenotypes (14, 15) . The Or83b-Gal4 driver and the upstream activating sequence-green fluorescent protein Or83b transgene (UAS-GFP:Or83b) were inserted into different genomic positions and none affected life span on their own (Fig. 2C and fig. S7 ). These rescue data and the persistence of the longevity phenotype through extensive backcrossing to three different genetic backgrounds provide compelling evidence that loss of function in Or83b is the cause of increased life span in these animals.
Olfactory signaling modulates life span primarily by altering the onset of demographic senescence (Fig. 3) . Mortality analysis suggests that olfaction shifts the mortality curve to earlier (in the case of yeast odorants) or later (in Table 1 . Life-span data for female Or83b mutant Drosophila. Mean life spans of Or83b 2 homozygous mutant and wild-type control females. The Or83b 2 allele was backcrossed into each of three genetic backgrounds. For all comparisons, longevity extension in the mutant was calculated with respect to the wild-type background to which it had been backcrossed. All increases are statistically significant (P < 1 × 10 Table 2 . Life-span data for male Or83b mutant Drosophila. Mean life spans of Or83b 2 homozygous mutant and wild-type control males. The Or83b 2 allele was backcrossed into each of three genetic backgrounds. For all comparisons, longevity extension in the mutant was calculated with respect to the wild-type background to which it had been backcrossed. All increases are statistically significant (P < 1 × 10
), determined by means of a log-rank test and Cox regression. the case of Or83b mutation) ages. In females, the rate of increase in mortality with age was largely unaffected (Fig. 3, A and B, and fig.  S8 ), an effect that is similar to diet restriction (1, 5) . In males, the impact of olfaction on mortality rate was reduced later in life; mortality trajectories converge at the oldest ages (Fig. 3C) . We next investigated whether olfactory function was required for longevity extension through diet manipulation. We measured male and female life span in different nutritional regimes ranging from severe nutrient restriction [3% sugar/yeast (SY) media] to nutrient-replete conditions (15% SY media). Flies homozygous for the Or83b 2 mutation were consistently longer-lived than those of appropriate control stocks (Tables 1 and 2 ). Despite their exceptional longevity, life span was further increased in the Or83b 2 mutants by dietary restriction. Or83b is therefore not required for diet-mediated longevity. Consistent with the yeast odorant results, however, we do find evidence for interaction between the olfactory and diet pathways. The relative increase in median and mean longevity in
Or83b
2 flies was significantly greater when flies were maintained in well-fed conditions (Tables 1 and 2) , and mutant animals were partially resistant to changes in diet ( fig. S9) . Thus, the Or83b mutation extends longevity largely, but not exclusively, through a diet-independent pathway.
Reduced early reproductive output is not required for extended longevity in Or83b 2 mutants. We observed the largest life-span extension in very high nutrient conditions where flies were provided access to live yeast paste (see Table 1 ), and, under these conditions, homo- Fig. 3 . Olfaction modulates the onset of demographic senescence. (A) Agespecific mortality rates for flies exposed to yeast odorants expressed on the natural log scale. Corresponding survival data are presented in Fig. 1A. (B and C) Age-specific mortality rates for Or83b mutant (B) females and (C) males and their controls (see also fig. S8 ). Corresponding survival data are presented in Fig. 2, A and B . Points represent observed mortality rates. Lines are obtained by smoothing hazard rates (3-day window) by means of a kernel smoother prior to log transformation. 2 mutant females had equal or greater reproductive output than control females (Fig. 4A) . We consistently observed that Or83b 2 mutants showed moderately reduced egg production from 24 to 48 hours posteclosion, but the reason for this is unclear. Feeding rates are not reduced in mature flies ( fig. S10 ), but reduced reproduction may be due to a delay in the onset of adult feeding, because the chemotaxis ability of mutant flies is compromised.
Or83b 2 flies exhibited a range of phenotypes indicative of altered physiology and enhanced stress resistance. Females were more resistant to hyperoxia (mean longevity = 110 ± 2.04 hours and 123 ± 1.0 hours for control and Or83b 2 mutant females, respectively; P < 1 × 10
, determined by means of a log-rank test). Mutants are resistant to starvation (Fig. 4 , B and C), and females have significantly elevated levels of triglyceride, the primary lipid-storage molecule in Drosophila (Fig. 4D) , despite their similar overall size and weight (Fig. 4E ). Mutant males have higher but statistically indistinguishable levels of triglyceride, which suggests that life span and fat content are separable in this sex. The observed increases in longevity and stress resistance do not result from decreased metabolic rate (Fig. 4F) .
Aging and longevity in Caenorhabditis elegans are regulated by sensory function through antagonistic effects of specific gustatory and olfactory neurons (18, 19) . Although the specific environmental cues that regulate longevity in C. elegans are unknown, sensory regulation of aging largely involves insulin/IGF (insulinlike growth factor) signaling (18) . Modulation of aging by gustatory neurons is entirely insulin signaling (i.e., daf-16)-dependent, whereas longevity extension by the ablation of olfactory neurons has a large daf-16-independent component (18) .
Sensory systems and insulin-mediated longevity regulation are evolutionarily conserved (20, 21) . Thus, as in C. elegans, olfaction may affect aging in Drosophila through altered insulin signaling and subsequent modulation of transcription factor dFOXO (the fly ortholog to daf-16). However, expression levels of Drosophila insulin-like peptides show no consistent differences in Or83b 2 mutant flies ( fig. S11 ). Consistent with normal levels of insulin signaling, we found that expression of Thor-the Drosophila homolog of mammalian 4E-BP and a primary target of dFOXO (22)-is not elevated in the body of mutant animals ( fig. S11 ). Olfactory regulation of aging in Drosophila may therefore contain a substantial component that is independent of insulin signaling.
We have identified a nutrient-related olfactory cue (odorants from live yeast) and a gene involved in olfaction (Or83b) that limit fly life span. Olfactory-receptor function constrains the beneficial effects of dietary restriction, indicating that consumption is not the only way that nutrient availability modulates longevity (4) . Genetic dissection of the roles of conventional odorant receptors in the life span of Drosophila may reveal additional candidate odors and neural circuits for longevity regulation.
